Observation of gravity erosion in the field with strong sunshine and wind poses a challenge. Here, a novel topography meter together with a movable tent addresses the challenge. With the topography meter, a 3D geometric shape of the target surface can be digitally reconstructed. Before the commencement of a test, the laser generator position and the camera sightline should be adjusted with a sight calibrator. Typically, the topography meter can measure the gravity erosion on the slope with a gradient of 30
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• -70
• . Two methods can be used to obtain a relatively clear video, despite the extreme steepness of the slopes. One method is to rotate the laser source away from the slope to ensure that the camera sightline remains perpendicular to the laser plane. Another way is to move the camera farther away from the slope in which the measured volume of the slope needs to be corrected; this method will reduce distortion of the image. In addition, installation of tent poles with concrete columns helps to surmount the altitude difference on steep slopes. Results observed by the topography meter in real landslide experiments are rational and reliable. C 
I. INTRODUCTION
Applicable and precise instruments are vital to obtain credible data in experiments. With the development of photoelectric, ultrasonic, and image processing technologies, 1, 2 noncontact observation instruments with high efficiency and accuracy (e.g., digital photogrammetry and laser method) have been invented and used in the survey of the terrestrial landform in laboratories. However, strong sunshine and wind will present great difficulties in making precise topographic measurements in the field, especially for the laser method. Determining the best method to manage problems appearing in terrain evolution experiments is an important subject of survey engineering that must be addressed.
Terrestrial laser scanning is a technology that allows the digital acquisition of real objects, reproducing them in 3D space and in digital form by means of a cloud of points. [3] [4] [5] Compared to conventional methods such as triangulation, field and office time of operation was reduced using laser scanning and Global Position System (GPS). Applications where safety may be an issue, such as providing accurate measurements on a landslide or debris flow area, would benefit most from the strengths of this technology. 6, 7 Nevertheless, while a terrestrial laser scanner was used to quantify rills on an angle of repose slope, an even greater density of points was needed to capture sufficient rill morphology. 8, 9 Moreover, it is very difficult to monitor the time-variable process of an individual mass failure a) Author to whom correspondence should be addressed. Electronic mail:
xzxu@dlut.edu.cn with these techniques because of the randomness and suddenness of such an event.
Photography was invented in 1839 by a Frenchman, Louis Daguerre, and a year later, terrestrial photos were first used for surveying. 10 Compared to terrestrial laser scanning, the philosophy of terrestrial photos captured the geometry and visualized it simultaneously; the coordinates of relevant objectdescribing points were determined by the intersection of an image ray and the predefined primitive. 9, 11 Digital photogrammetry was applied for measuring erosion rates on complexshaped soil surfaces under laboratory rainfall conditions. 12 However, the images of the object taken with a camera had to be geo-referenced as a preparatory step, and intelligent tacheometry was used for online and on-site measurements. 9, 12 Structured-light 3D surface imaging techniques were used to compute the 3D model of a face by projecting a simple colored stripe pattern onto the face, and the depth information was then calculated by considering the distortion of the stripes in the face caused by its shape. [13] [14] [15] [16] [17] If the target was moving, single-shot techniques had to be used to acquire an instant snapshot 3D surface image of the 3D object at a particular time. Nevertheless, to our knowledge, no such techniques have been applied to the 3D object in dynamic motion in literature before.
Recently, a structured-light 3D surface-measuring instrument, the MX-2010-G topography meter, was designed and manufactured to observe the slope behavior under rainfall simulation. Evaluation tests showed that the errors among the volumes observed by the topography meter and those of the conventional instruments were within 10%. 18 However, the above-mentioned paper was focused on data processing and calibration testing. It did not give detailed information on the structure of the 3D surface measuring instrument. In addition, the definition of laser lines recorded by the camera had a high requirement for the ambient light. If the ambient lighting was sufficiently strong, the contrast of the laser footprints would decrease on the slope terrain, and the image would become vague. Whether it is possible to use the topography meter for conducting site-specific surveys of landslides has become an urgent question to be resolved. Gravity erosions, the mass failures on steep slopes that are triggered by self-weight, contrast with other soil erosions requiring physical impetus of wind or water, and were among the most important natural hazards in mountainous regions. 19, 20 Gravity erosion tends to happen as an episodic event in which large sections of the steep slope fail. However, to monitor the time-variable process of an individual mass failure is very difficult because of the randomness and suddenness of such an event. It is rather difficult to conduct a field survey of soil and water conservation on the Loess Plateau of China. During the natural rainfall events, the site-specific observation of gravity erosion is almost impossible, because we are unable to predict when and where the gravity erosion will occur. Hence, what we could do is to simulate the landslide processes by employing a conceptual slope under rainfall simulation. However, the representative catchments on the Chinese Loess Plateau for scientific research are generally far from urban areas, lack water and electricity, and have deep ditches, steep slopes, inconvenient transportation, and high-strength winds. The special situation poses another severe challenge to the site survey. Here, we designed a removable house that could be assembled in the field to conduct site-specific tests based on the terrain of the Loess Plateau. The room provided the same conditions for simulations and observations as those in the laboratory. We also presented a detailed illustration of the MX-2010-G topography meter to dynamically monitor the slope behavior under rainfall simulation. The design optimization and fabrication methods of the topography meter and the laboratory would be expected to be useful for congeneric device applications.
II. DESIGN OF THE MEASUREMENT SYSTEM

A. Operating principle of the MX-2010-G topography meter
A structured-light 3D surface-measuring instrument, the MX-2010-G topography meter, was designed and manufactured to observe the slope behavior under rainfall simulation. In our experimental system, the topography meter's setup consists of the following conventional components: sight calibrator, laser source, camera, and positioning device. Fig. 1 shows a representative scheme for quantitative monitoring of gravity erosion with the MX-2010-G topography meter. The horizontal stripe pattern with a 3.0 cm contour interval was generated by laser source, and the pattern was recorded by camera with sighting direction perpendicular to the laser planes. A camera with a collimator was mounted on the bracket. The collimator could submit a line-shape beam parallel to the camera sightline. As the slope deformed over time, the process would be recorded on video and then imported into the computer to acquire a snapshot image at a particular time. Given an elevation for every contour in ArcGIS, the 3D geometric shape of the target surface was digitally reconstructed and then the slope parameters, including the volume, projected area, and gradient distribution, could be determined. Thus, we could obtain the volume of gravity erosion and many other erosion data by comparing the slope geometries in the moments before and after the erosion incident. In this study, the topography meter covered a monitoring range of 3.0 × 2.0 m.
Before the commencement of any slope behavior survey, we should adjust the camera and make its sightline perpendicular to the laser planes using the sight calibrator. box. The operator held the sight calibrator under the camera of the topography meter as the calibration experiment began. Then, the parallel laser planes were shot to the open mouth and projected onto the three walls. Meanwhile, the laser lines from the collimator were thrown on the mirror at the bottom of the sight calibrator. When the laser plane was perpendicular to the camera sightline, the footprints of the laser plane were overlapped with black lines of the barrel wall, and the spot lines from the collimator were directly reflected back to the collimator. The calibrator could accurately examine the sight direction. Nevertheless, manipulating the calibrator could be difficult because the operator had to hold it. If a trestle was designed for the collimator in the future, the operation would become more convenient.
B. Structure of the MX-2010-G topography meter
The laser source was mounted on a rugged pedestal (Fig. 3) , including the line laser modules, module fasteners, a girder, and a cover. The line laser modules, also referred to as line laser heads, were self-contained green, infrared, and red line laser generators with integrated laser driver circuit, optics, and laser diode. They were suitable for different applications such as alignment, positioning, and measurement and were widely used in education, military, manufacturing, and medical treatment, etc. To expediently compute the laser number on the laser source, five modules that each emitted a red laser were set at intervals for each module that emitted a green laser. The line laser modules were powered by the DC electrical source. The laser line generator used in the MX-2010-G topography meter offered a compact, durable product that was designed and built to perform reliably even under adverse industrial conditions. The diameter of the laser head was only 1.6 cm, and the expected lifetime was up to 10 000 h.
When the topography meter was carried to the field to conduct the site survey, the position of the line laser module in the laser source might be changed due to the jolts and vibrations in transit. As a result, the laser planes would become nonparallel or the intervals of them would become unequal. Hence, we should adjust the positions of the modules to make the lasers parallel and equidistant before commencement of the slope behavior survey if the topography meter had been re-installed in the test site. As shown in Fig. 3 , the fixed bolt, which was on the module fastener, was connected with the main board. To adjust the relative distance of the laser planes, the fixed bolt should be modulated to make the fastener move back and forth on the main board. The line laser module fixed in the ring of the module fastener could emit a group of parallel laser lines. If the line laser module moved out of position, modify the adjustable bolt to swing or rotate the line laser module slightly, and then, make the laser plane return to the parallel state.
C. A movable tent for field study
The experimental house built in field was adapted from a large bivouac tent and could be assembled. Generally, the tourism tents available on the market could not be used directly on steep slopes. Furthermore, the tents could not resist strong winds due to their slender steel poles. In this study, besides the iron wires provided by the manufacturer of the tent, many mooring ropes were used to fix the tent, together with a high-strength concrete pole based on a large pier on the downhill side, as shown in Figs. 4(a) and 4(b). All of the measures made the tent very steady. In addition, four sturdy columns were installed in the lower reaches of the slope. The tent poles at the lower-lying area were connected with the columns that had several equidistant connecting holes along their height directions. When the camp pole was fixed with the bolts in different connecting holes on the column, various lengthening effects could be attained. The scheme to lengthen the tent poles with the concrete columns completely solved the problem of the altitude difference on the steep slope ( Fig. 4(a) ). If the site terrain was prepared, the tent could be built with a surprising speed in 2-3 days.
III. APPLICATIONS IN THE LANDSLIDE EXPERIMENTS
A. Results of the landslide experiments
A MX-2010-G topography meter has been used in real gravity erosion experiments. Rainfall simulation tests with the unsheltered initial landforms and rainfalls were carried out on the actual site of the Liudaogou Catchment, Loess Plateau, as shown in Figs. 5(a) and 5(b) .
The landscape simulator consisted of a rainfall simulator and a slope model covering an area of 3.0 m × 3.0 m. An experimental model landscape, with steep slope of 60
• and gentle slope of 3
• , was made of loess by hand patting. The conceptual landscape in the field was "cut" without disturbing the slope underground. In other words, the initial landform in the field study kept the original texture and density, although the surface was cut to be smooth. Underlying the surface of the tested slope was a kind of sandy Holocene loess. The dry bulk density γ s was 1.54 g/cm 3 and the median size D50 was 143.0 µm. A short and intense downpour, with an intensity of 0.8 mm/min and a duration of 60 min, was applied. In turn, 5-10 events of rainfalls were applied to the slope. An equal period, 12 h or so, was kept after each rainfall to ensure the approximate value of initial water content. The MX-2010-G topography meter was used to monitor the mass movement of the failure surface under rainfall simulation (Fig. 5(b) ). Furthermore, a large tent was set up in the experimental spot to keep out sunshine and winds. At the lower right corner of Fig. 5(b) , an MX-2010-G topography meter was working.
The 3D digital models of the unsheltered surface of the ground were valuable supports for geomorphological studies because they provided scientists with a full and immediate perception of the represented ground surface trends. 5, 21, 22 Figs. 6(a) and 6(b) illustrate a typical scenario and the resulting 3D digital model of the failure surface, respectively. High resolution is achieved through labeling the grid surface, and the results obtained by the topography meter are quite consistent with the real phenomena. Different from any other monitoring devices, the topography meter only deals with the screenshots of the concerned erosion incidents, although it records the entire erosion process during the rainfall. Thus, the workload is relatively minor and the method is quicker and more precise. The ratio (R) of the amount of gravity erosion to that of the total erosion on the Loess Plateau, China was considerable. Experimental data in Table I illustrate that the amounts of the gravity erosion during rainfall accounted for 67% of the amounts of total erosion. Nevertheless, the hydraulic erosion lasted for the entire period of rainfall simulation, but the gravity erosion happened in a very short time. Thus, gravity erosion is more dangerous than hydraulic erosion on the steep loess slope. In addition, according to the investigation by the Management Board for the Middle Reaches of the Yellow River, 23 the ratios R values in the Nanxiaohegou Catchment, Lvergou Catchment, and Jiuyuangou Catchment were 58%, 68%, and 20%, respectively. Results in this study are similar to the research conclusions mentioned above.
B. Methods to obtain relatively clear video
Typically, the topography meter could measure the gravity erosion on the slope with a gradient of 30
• . In the present laboratory condition, the laser projection received in the camera is very clear. However, on the Loess Plateau of China, some gully banks are extremely steep, sometimes more than 80
• . One method to obtain a relatively clear video is to rotate the laser source away from the slope, based on the premise of ensuring the camera sightline remains perpendicular to the   FIG. 7 . A method to obtain a clear and undistorted video for the very steep slope. The laser source is rotated away from the slope based on the premise of ensuring that the camera sightline remains perpendicular to the laser plane.
laser plane, as shown in Fig. 7 . As a result, the slope with projected lasers shown in the camera becomes relatively gentle so that the best observation effect can be obtained. In Fig. 7 , the slope angle a is equal to the angle between the slope and the laser plane when the laser source is perpendicular to the ground. However, if the laser source were rotated away from the slope with an angle of b, the angle between the slope and the laser plane, c, would be equal to (a − b). In this case, the observed slope does not deform because the camera sightline is kept vertical to the laser plane; that is, no discrepancy occurs between the real volume and the measured volume of the slope.
Another way to obtain a relatively clear video is to move the camera away from the slope. Nevertheless, in the condition, the camera sightline is not perpendicular to the laser plane, and the measured volume should be corrected. As shown in Fig. 8, a slant camera-i. e., the angle between the camera sightline and the laser plane, d, was less than 90
• -could also show relatively clear video. In this way, the image of the steep slope in the camera became relatively gentle so that the laser projection could be easily read. Nevertheless, the slope volume obtained with the slant camera must be corrected to minimize the image distortion. Thus, we established comparison tests to simultaneously monitor the same slope with a perpendicular   FIG. 8 . Another way to obtain a clear video for the very steep slope. The camera is moved away from the slope. Nevertheless, in the condition, the camera sightline is not perpendicular to the laser plane, and the measured volume should be corrected. Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 202.118.74.85 On: Wed, 13 Apr Comparison of the volumes of the same slope observed with the camera from the vertical direction and that from the bias direction. The data were obtained from the experimental group, 3-FL60-1-60d, of which the rainfall intensity was 0.8 mm/min and the duration was 60 min, and the slope height and gradient of the initial landform before the first rainfall were 1 m and 60 • , respectively. The experiments were conducted in August, 2014. Six runs of rainfalls, each at an amount of 48 mm, were applied in turn. camera, of which the sightline was vertical to the laser planes, and a slant camera with the sightline bias to the laser faces. The real volume of the observed slope, V p (cm 3 ), is calculated as follows: V p = V b × r, where V b is the volume observed with the slant camera (cm 3 ) and r is the ratio of the slope volume obtained from the perpendicular camera to that from the slant one. Fig. 8 shows the topography images that were captured from the camera with the sightline perpendicular to the laser faces and another camera with the sightline bias to the laser faces. These images were all obtained from the second rainfall of the Experiment 3-FL60-1-60d. In the experiment, the rainfall intensity was 0.8 mm/min and the rainfall duration was 60 min; the slope height and the slope gradient of the initial landform before the first rainfall were 1 m and 60
• , respectively. The white boundaries in the two figures were drawn according to the same control points on the flank wall. In the second and third rows of Table II , the volumes of the slope surrounded with the white frame and the lowest green line (i.e., V p and V b ) were observed from the camera of which sightline was perpendicular to the laser faces and from another camera with sightline bias to the laser faces with an angle of 80
• . As a result, the ratio, r, of V p to V b is close to a constant, 0.88. The projected area of the slope enclosed by the white frame in Fig. 9(b) , which was observed with the slant camera, also seems obviously larger than that in Fig. 9(a) , which was observed with the perpendicular camera.
The first method shown in Fig. 7 is preferred to be adopted, for the image captured with the camera is not distorted, and the volume calculated according to this method is the real one. In contrast, if we use the second method shown in Fig. 8 , the slope volume must be corrected because of the image distortion. However, the method could effectively enhance the definition of the figure captured with the slant camera. In practice, a combination of the two methods is frequently used.
C. Assessment of the MX-2010-G topography meter
All results seem rational and reliable. The MX-2010-G topography meter could quantitatively interpret the process of mass movement on the steep loess slope under rainfall simulation. The ability to capture cubic centimeter accuracy data at high resolution and the synchronous capability afforded by the topography meter make the topography meter the ideal tool for quantitative mapping of soil erosion. During the period of the experiment, the movable laboratory had stood the test of heavy weather, of which rainfall in 24 h was more than 100 mm and wind force was over 10 grades. Compared with the indoor laboratory, a similar observation environment has been created in our mobile laboratory on the loess slope. In other words, in our mobile laboratory, measurement accuracies of artificial simulation rainfall, gravity erosion, runoff, and sediment yield have reached the level of those in laboratory, so that the obtained results can be compared with earlier published gravity erosion results of the indoor laboratory. No analogous approach has been found in the existing literature to date. The measurement system was used to complete the survey for over 130 rainfall simulation events; it confirmed the feasibility and reliability of this technique.
The video image stored in the memory of the computer is an excellent reference to deeply analyze the slope behavior and interactivity between images and measurement results-this can be done only by "clicking" onto the image of the object shown on the screen of the notebook. Alternatively, because the slope behavior had been recorded in the video image, data could be stored in computer memory, and landform could be monitored in either a static mode or a kinematic mode.
Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 202.118.74.85 On: Wed, 13 Apr Not only were the positions computed but also the image of the ground was generated. Moreover, the recorded image was especially pivotal to the gravity erosion. The proposed topography meter had the advantage that the map could be checked in progress for omissions and reliability.
The topography meter was a rugged instrument, comparatively easy to operate, and could be conveniently adjusted in the field. In the field work, an electricity generator was used to provide constant power supply to the equipment.
However, it is worth noting that a more intelligently steered instrument is desired. The procedures for calculating the volume of soil loss involve many separate pieces of software and subjective decisions to distinguish whether the soil loss is caused by hydraulic erosion or gravity erosion. Hence, a surveyor's skills are still essential for precise measuring for most surveying tasks. One of the directions for future research and development of the topography meter should focus on achieving capable systems for even an unskilled surveyor to obtain the required accuracy level as well as proper/efficient data collection or setup, including post processing for any type of measurement, at the same speed as the work done by a skilled surveyor.
In this study, when the topography meter was carried to the field to conduct the site survey, the system should be adjusted to make the lasers parallel and equidistant before the commencement of the slope behavior survey. However, the work is a bit laborious, and it also reflects a shortcoming of the topography meter, because adjusting the internal structure of an instrument should be undertaken by the manufacturer rather than the user. Presently, we are developing a new type of topography meter, of which the module positions are immobilized. The laser source will consist of several units. Every unit is a box filled with a kind of rapid hardening resin and screwed on the main board. The laser module is put into the box and surrounded with the resin. Before the resin hardens, the position of the module could be modified. Nevertheless, when modules in the boxes were adjusted to be parallel and equidistant, we could make the resin concretionary. If a module malfunctions, the module should be replaced.
IV. CONCLUSIONS
This study presents a novel topography meter based on a structural laser together with a movable tent to observe the random gravity erosions in the field. With the topography meter, a 3D geometric shape of the target surface could be digitally reconstructed, and then, the slope parameters, including the volume, projected area, and gradient distribution, could be obtained. The scheme to lengthen the tent poles with the concrete columns completely solved the problem of the altitude difference on the steep slope. However, before the commencement of any slope behavior survey, we should examine the sight direction of the camera with the vision calibrator and adjust the positions of the laser modules to make the lasers parallel and equidistant if the topography meter had been re-installed in the test site. Two methods could be used to obtain relatively clear video, as the slopes are extremely steep. One way is to rotate the laser source away from the slope based on the premise of ensuring the camera sightline remains perpendicular to the laser plane, and another way is to move the camera away from the slope in which the measured volume of the slope needs to be corrected to minimize the image distortion. The performance of the proposed measurement system has been demonstrated in the field landslide experiments. The experimental results indicate that the apparatus was at a sufficiently high accuracy, enough for the mechanism exploration of slope erosion. The real-time digital videos of the measured surroundings recorded in the topography meter are also of inherently high value as a proof for further research. As a result, the proposed measurement system provides an ideal solution for a wide range of landform inspection and soil loss measurement, especially for monitoring gravity erosion on steep slopes. In the near future, a more intelligently steered instrument is desired that allows an unskilled operator to obtain efficient and accurate results at the same level as those obtained by a skilled operator.
